Background/Aims: The present study investigated whether the transient receptor potential melastatin 4 (TRPM4) channel plays a role in high salt diet (HSD)-induced endothelial injuries. Methods: Western blotting and immunofluorescence were used to examine TRPM4 expression in the mesenteric endothelium of Dahl salt-sensitive (SS) rats fed a HSD. The MTT, TUNEL, and transwell assays were used to evaluate the cell viability, cell apoptosis, and cell migration, respectively, of human umbilical vein endothelial cells (HUVECs). Enzyme-linked immunosorbent assays were used to determine the concentrations of intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion protein 1 (VCAM-1), and E-selectin. Carboxy-H2DCFDA, a membrane-permeable reactive oxygen species (ROS)-sensitive fluorescent probe, was used to detect intracellular ROS levels. Results: TRPM4 was mainly expressed near the plasma membrane of mesenteric artery endothelial cells, and its expression level increased in SS hypertensive rats fed a HSD. Its protein expression was significantly upregulated upon treatment with exogenous hydrogen peroxide (H 2 O 2 ) and aldosterone in cultured HUVECs. Cell viability decreased upon treatment with both agents in a concentration-dependent manner, which could be partially reversed by 9-phenanthrol, a specific TRPM4 inhibitor. Exogenous H 2 O 2 induced apoptosis, enhanced cell migration, and increased the release of adhesion molecules, including ICAM-1, VCAM-1, and E-selectin, all of which were significantly attenuated upon treatment with 9-phenanthrol. Aldosterone and H 2 O 2 induced the accumulation of intracellular ROS, which was significantly inhibited by 9-phenanthrol, suggesting that oxidative stress is one of the mechanisms underlying aldosterone-induced endothelial injury. Conclusions: Given the fact that oxidative stress and high levels of circulating aldosterone are present in hypertensive patients, we suggest that the upregulation of TRPM4 in the vascular endothelium may be involved in endothelial injuries caused by these stimuli.
Transient Receptor Potential Melastatin 4 (TRPM4) Contributes to High Salt DietMediated Early-Stage Endothelial Injury

Introduction
The transient receptor potential (TRP) superfamily of non-selective cation channels has 28 mammalian members, and is widely expressed in many different tissues [1] . TRP channels are activated by calcium (Ca 2+ ), sodium (Na + ), and magnesium (Mg 2+ ), and conduct both monovalent and divalent cations. Similar to all TRP channels, the TRP melastatin 4 (TRPM4) channel consists of six transmembrane (TM)-spanning domains and four subunits that assemble in the plasma membrane to form functional ion channels. The selectivity filter of the ion channel pore is located between TM5 and TM6 [2] ; however, TRPM4 is Ca 2+ -impermeable and exclusively transports monovalent cations.
TRPM4 is ubiquitously expressed in the cardiovascular, immune, and central nervous systems, and is also expressed in endothelial cells (ECs) from different vascular tissues such as mouse aortic ECs, rat brain ECs, and human pulmonary artery ECs [3] . In 2009, Gerzanich et al. [4] first reported that TRPM4 is expressed in ECs and is highly upregulated in capillaries of spinal cord injury regions. Moreover, endogenous TRPM4-like currents have been detected in human umbilical vein endothelial cells (HUVECs). There are strong indications that TRPM4 is involved in a surprising number of critical functions, including regulation of the vascular endothelium in numerous pathological processes [5, 6] . Thus, we postulated that it may be associated with endothelial lesions.
TRPM4 can be inhibited by many compounds including intracellular spermine, flufenamic acid, quinine, quinidine, and MPB-104; however, the poor selectivity of these molecules among other ion channels has limited their application. Recently, 9-phenanthrol was identified as a selective TRPM4 blocker [7] , with an IC 50 of 20 μM in transfected HEK293 cells and an IC 50 of 1 μM in endothelial cells [8, 9] .
Oxidative stress exists in certain organs of Dahl/salt-sensitive (SS) hypertensive rats including the kidney [10, 11] , brain [12] , and vasculature [13] [14] [15] . Our unpublished results and other investigations have shown that a high salt diet (HSD) can induce hypertension and increase aldosterone biosynthesis in Dahl/SS rats. In contrast, Dahl/salt-resistant (SR) rats maintain the initial suppression of aldosterone biosynthesis and normal blood pressure [16] .
We performed several experiments to determine whether TRPM4 is regulated during endothelium damage caused by a HSD overload, and to elucidate if TRPM4 is involved in endothelial injury caused by excessive oxidative stress or aldosterone.
Materials and Methods
Reagents and Chemicals
Unless otherwise noted, all of the reagents and chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Aldosterone was dissolved in ethanol to make a stock solution of 10 mmol/L (stored at 4°C for 2 weeks). Hydrogen peroxide (H 2 O 2 ) was purchased from Tianjin Guangfu Technology Development Co. Ltd (Wuqing Tianjin, China) and dissolved in saline solution for experiments. 9-phenanotrol was diluted in dimethyl sulfoxide (DMSO) to make a 1 mM stock solution, which was further diluted to a final concentration of 1 μM in the culture medium.
Immunofluorescent staining of TRPM4
Prior to the experiments, mesenteric arteries from Dahl/SS rats (n = 10) were fixed in 4% paraformaldehyde for 2 h and dehydrated with 18% sucrose at 4°C overnight. This was followed by embedding in optimal cutting temperature (OCT) solution (TissueTek; Sakura Finetek, Torrance, CA, USA), after which the tissue was cut into sections of 5 μm thickness with a freezing microtome (Leica Biosystem, Heidelberger, Germany) and stored at −80°C until immunostaining. Mesenteric artery cryostat sections were fixed in acetone for 10 min at room temperature (22-24˚C) , and then incubated with 1% bovine serum albumin (BSA, 05479; Fluka, Sigma) for 30 min to prevent non-specific binding. To ensure the accuracy of the experiment, co-staining of TRPM4 with von Willebrand factor (vWF) was performed. Specifically, the sections were incubated overnight at room temperature with optimal dilutions of rabbit polyclonal antibody to anti-TRPM4 (ACC-044, 1:50; Alomone, Jersusalem, Israel) and sheep polyclonal antibody to vWF (ab11713, 1:50; Abcam, Cambridge, MA, USA). The following day, the sections were washed and incubated with TRITC-conjugated donkey anti-sheep (ab6897, 1:1000; Abcam) and Alexa Fluor 488-conjugated donkey anti-rabbit IgG (A21206, 1:1000; Invitrogen, Carlsbad, CA, USA) at room temperature for 1 h. Finally, the sections were counterstained with 1 mmol/L Hoechst 33258 (861405; Sigma) to label the nucleus. Images were captured using a confocal microscope (Fluoview1000; Olympus, Japan). In each set of experiments, images were taken with the same parameter settings.
Isolation and culture of mesenteric artery endothelial cells
Mesenteric artery endothelial cells (MACEs) from SS rats were isolated as previously described [17] . Briefly, SS rats that received heparin were anesthetized with 10% chloral hydrate (4 mL/kg). The abdomen was open and the heart was perfused with sterile and chilled physiological saline solution (PSS) to remove circulating blood from blood vessels. PSS contained (in mM) 137 NaCl, 5.4 KCl, 0.05 CaCl 2 , 0.4 KH 2 PO 4 , 0.4 Na 2 HPO 4 , 4.4 NaHCO 3 and 10 HEPES (pH 7.4 with HCl). The mesenteric vascular bed was dissected out and all of the vein branches of the mesenteric bed were rapidly excised under a dissecting microscope. The remaining arterial branches were digested with 0.2 mg/mL collagenase I for 1 h at 37°C with mild shaking. After centrifugation at 1000 rpm for 5 min, the pelleted cells were resuspended in Dulbecco's Modified Eagle Medium supplemented with 20% FBS (v/v) and 50 µg/mL heparin, and were plated in gelatin-coated petri dish. After 2 h, non-adherent cells were removed and adherent ECs were cultured at 37°C with 5% CO 2 for 3-5 days. The cells isolated from SS rats fed a HSD or NSD were used for the detection of TRPM4 protein expression. The initial batch of HUVECs were cultured in RPMI 1640 medium (Hyclone, South Logan, UT, USA) containing 10% fetal bovine serum (FBS) and supplemented with 1% penicillin and streptomycin. Cells were incubated at 37°C in an atmosphere of 95% air and 5% CO 2 in a humidified incubator.
Culture and transfection of HUVECs
HUVECs were grown until 70-80% confluence, and were used in passages 4-6 for all of the subsequent experiments. Twenty-four hours after plating, cells were changed into serum-free medium for transfection. HUVECs were transfected with specific TRPM4 siRNA (GenePharma Co. Shanghai, China) or scrambled siRNA as negative control at a dose of 1 μg/ml for 24 h using LipofectamineTM 2000 (Invitrogen). The sequences of the TRPM4 siRNAs are shown in Table 1 .
Western blot analysis
Tissue lysates (90 μg per lane) from each experiment were analyzed by Western blotting. Briefly, HUVEC cultures were washed with ice-cold phosphate-buffered saline (PBS, and the mesenteric arteries were carefully isolated. Then the samples were extracted with the appropriate amount of lysis buffer, and homogenized with CelLytic M lysis reagent containing a protease inhibitor cocktail (Sigma, Poole, Table 1 . Sequence of the specific TRPM4 siRNAs used in our study. All of the siRNAs correspond to homo sapiens Dorset, UK). The proteins were resolved on 10% SDS-PAGE gels, after which they were electrophoretically transferred to nitrocellulose membranes. After incubation in blocking solution (5% nonfat milk; Sigma) for 1 h at room temperature, membranes were incubated overnight at 4°C with a 1:200 dilution of primary antibody against TRPM4 (ACC-044; Alomone, Jerusalem, Israel) and a 1:1000 dilution of primary antibody against β-actin (Zhongshan Jinqiao Biotechnology Co, Beijing, China). Thereafter, membranes were washed with PBS containing 0.05% Tween-20 (PBS-T), followed by incubation for 1 h at room temperature with a 1:5000 dilution of secondary antibody (Odyssey, LICOR Corporate, Lincoln, NE, USA). Protein bands were visualized using the Li-COR Imaging System and were quantified with Odyssey CLx v2.1 software (LI-COR Biosciences) by measuring the band intensity (area × OD) in each group. TRPM4 protein expression was calculated using β-actin as the internal control.
Cell viability
Cell proliferation was measured using the 3-(4,5-dimehylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma) colorimetric assay. Briefly, HUVECs were cultured in 96-well plates at a density of 5 × 10 3 cells/well in 200 μl culture medium. When cells reached about 80% confluency, they were challenged with different concentrations of H 2 O 2 or aldosterone in serum-free medium. Then, 20 μL PBSbuffered MTT (5 mg/mL) solution was added to each well, and the cells were incubated at 37°C for 4 h. Subsequently, the supernatant was discarded from each well and 100 μL DMSO was added to each well and mixed thoroughly for 10 min to ensure that all of the crystals were dissolved. Vital cells were recorded by absorbance measurements at wavelength of 490 nm with monochromator microplate reader (Tecan, Mannedorf, Switzerland). The cell viability of HUVECs in each well was noted as a percentage of the control group. Six independent replicates were performed for each group.
The release of intracellular lactate dehydrogenase
Cytotoxicity was evaluated by determining the activity of lactate dehydrogenase (LDH) in culture media according to the manufacturer's instructions (LDH Cytotoxicity Assay Kit, C0017, Beyotime Biotechnology, Nantong, China) [18] . Briefly, cells were seeded in 96-well plates and were treated with different agents. Then the plates were centrifuged, after which the culture medium was collected. Next, a total of 120 μl supernatant was transferred into a new 96-well plate, and then the LDH assay was initiated according to the protocol. LDH activity was measured at 490 nm with a microplate reader (Tecan, Mannedorf, Switzerland). Untreated cultures were presented as the control.
TUNEL Assay
In an effort to evaluate the degree of HUVEC apoptosis, we performed the terminal deoxynucleotidyl (TdT) transferase dUTP-biotin nick end-labeling (TUNEL) assay (1684795; Roche, Indianapolis, IN, USA) according to the manufacturer's recommendation and the cells were observed by fluorescence microscopy. For this experiment, cells were grown on glass coverslips and were treated with or without 200 nM H 2 O 2 and 1 μM 9-phenanthrol for 48 h. Then, cells were fixed in freshly prepared 4% paraformaldehyde for 1 h at room temperature. Next, the slides were carefully washed with PBS before they were immerged in 3% H 2 O 2 for 10 min at room temperature. Then the slides were permeabilized with 0.1% TritonX-100 (Sigma) for 2 min on ice, and washed with PBS twice. Then the cells were loaded with 50 μl TUNEL reaction mixture in a humidified atmosphere for 1 h at 37°C in the dark. Following incubation, cells were gently washed with PBS and then counterstained with 1 mmol/L Hoechst 33258 (861405; Sigma) and rinsed twice with PBS. Images were captured at room temperature using a confocal microscope (Fluoview1000, Olympus) at emission wavelengths of 488 nm and 594 nm. TUNEL-positive cells had green fluorescence and represented the apoptotic cells. TUNEL-stained cells were counted in five randomly selected fields per treatment group, and the number of Hoechst-positive cells (cells with blue fluorescence) was used to calculate the apoptotic index.
Flow cytometry analysis
Apoptosis of HUVECs was detected by flow cytometry using an annexin V-FITC Apoptosis Detection Kit I (BD Pharmingen, San Diego, CA, USA). In brief, HUVECs were grown to confluency and divided into six groups: (1) control group; (2) H 2 O 2 (200 nM) group; (3) H 2 O 2 (400 nM) group; (4) H 2 O 2 (200 nM) +9-phenathrol group (1 μM); (5) H 2 O 2 (400 nM) + 9-phenathrol (1 μM) group; and (6) 9-phenathrol (1 μM) group. After treating, cells were stained with FITC-labeled annexin V and propidium iodide (PI) for 15 min in the dark at room temperature according to the manufacturer's protocol. Finally, the cells were analyzed using the FACS Calibur TM flow cytometry system (Becton Dickinson, San Jose, CA, USA).
Migration assay
HUVEC migration was performed using a 24-well Transwell chamber (Costar, Cambridge, MA, USA) with 8.0 μm pore polycarbonate membrane inserts. A total of ~1-1.5 × 10 5 cells HUVECs were suspended in 0.2 mL serum-free medium, seeded on the upper chamber, and allowed to adhere. Then cells were treated with or without 100 nM H 2 O 2 , 1 μM 9-phenanthrol, or both agents for 48 h. Meanwhile, medium (500 μL) with 10% FBS was added to the lower chamber to stimulate cell migration. Next, the cells were incubated at 37°C with 5% CO 2 for 24 h to allow migration. A cotton swab was used to remove non-invading cells on the upper surface of the membrane. The invading cells on the lower surface of the filter were fixed in 4% paraformaldehyde for 30 min at room temperature. After washing twice with PBS and air-drying, the invading cells were stained with 1% crystal violet for 15 min at room temperature. Five fields were photographed for each group using a Leica DM2700 M light microscope (Leica Microsystems GmbH, Wetzlar, Germany). Finally, the average number of migrated cells was evaluated by counting three random images per group, and the data are represented in terms of the fold change compared to the control values.
Detection of cytokines in culture medium
HUVECs were seeded in 96-well plates and subjected to four treatment conditions for 24 h: (1) serumfree medium as a control; (2) 200 μM H 2 O 2 ; (3) 200 μM H 2 O 2 + 9-Phenathrol (1 μM); and (4) 9-Phenathrol (1 μM). Cell culture supernatants were collected, after which concentrations of soluble intercellular adhesion molecule-1 (sICAM-1), soluble vascular cell adhesion molecule (sVCAM-1), and E-selectin were separately measured using enzyme-linked immunoassay (ELISA) kits according to the manufacturer's instructions. ELISA kits for sICAM-1 and sVCAM-1 were purchased from ExCell Biology, Inc (Shanghai, China), the ELISA kit for E-selectin was purchased from R&D Systems (Minneapolis, MN, USA).
Detection of intracellular reactive oxygen species production
Confocal and immunofluorescence technology were used to examine reactive oxygen species (ROS) in the cells, as previously described [19] . Briefly, HUVECs were cultured on glass coverslips. After treatment with aldosterone in the presence or absence of 9-phenanthrol, tempol, eplerenone, or apocynin [20] , the cells were washed twice with PBS and fixed in 4% paraformaldehyde. Then cells were loaded with 2.5 μM 5-(and-6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA), which is a membranepermeable ROS-sensitive fluorescent probe (Invitrogen) that becomes fluorescent when oxidized. Labeled cells were washed twice in PBS before confocal microscopy. ROS levels were measured by fluorescence intensity.
Data analysis
Data are presented as the mean±SD. Comparison between two groups was evaluated using the unpaired Student's t-test. Multiple group comparison was performed using 1-way analysis of variance (ANOVA). P values less than 0.05 were considered statistically significant.
Results
TRPM4 expression is upregulated by a HSD in the vascular endothelium of SS rats
TRPM4 is involved in the regulation of the vascular endothelium in numerous pathological processes [5, 6] . Thus, we presumed that it may be associated with endothelial lesions. Therefore, we examined whether TRPM4 expression might be altered during a HDS in the endothelium of Dahl/SS rats. Our results showed that TRPM4 was mainly expressed in the mesenteric artery vascular endothelial cells (MAVECs) and was localized near the plasma membrane (Fig. 1A) . The expression levels appeared to be significantly increased in MAVECs 3 weeks after the HSD (Fig. 1A) in Dahl/SS rats, which was further confirmed by Western blotting analyses (Fig. 1B) . Furthermore, TRPM4 was also expressed in HUVECs and its expression levels were upregulated with the addition of 20 mM NaCl to the culture media (24 h) (Fig. 1C) .
TRPM4 expression is increased upon application of H 2 O 2 and aldosterone to vascular endothelial cells
Previous studies have suggested that a HSD causes oxidative stress [10] [11] [12] [13] [14] [15] and increases the levels of circulating aldosterone [16] in Dahl/SS rats. Therefore we evaluated whether TRPM4 expression is upregulated upon application of exogenous H 2 O 2 or aldosterone. To this end, HUVECs were first exposed to 200 μM H 2 O 2 for 24 h and 48 h, followed by Western blot analysis. The data show that the expression levels of TRPM4 were significantly enhanced by exogenous H 2 O 2 ( Fig. 2A) . We treated HUVECS with 0, 50, 100, 200, and 400 μM H 2 O 2 for 24 h, and found that 200 and 400 μM H 2 O 2 significantly upregulated the TRPM4 expression of TRPM4 (Fig. 2B) . Then we examined the expression of TRPM4 in HUVECs after incubation with 200 nM aldosterone for 24 h and 48 h, and found that after incubation with 200 nM aldosterone for 48 h, TRPM4 expression was significantly upregulated, whereas treating cells with 200 nM aldosterone for 24 h had no prominent effects on TRPM4 expression (Fig.  2C ). Then we used 0, 25, 50, 100, and 200 nM aldosterone to treat HUVECs for 48 h, and found that the regulatory effects of aldosterone on TRPM4 expression were dose dependent, as shown in Fig. 2D . Since TRPM4 is a stress oxidative-sensitive ion channel, dithiothreitol (DTT) was used to test whether reducing environmental ROS inhibits TRPM4 expression [21] . Our results showed that the upregulated expression of TRPM4 caused by H 2 O 2 was significantly prevented by pretreatment of 100 μM DTT (Fig. 2E) ; however, the upregulated TRPM4 expression by aldosterone was not significantly affected by DTT pretreatment (data not shown). We also found that 9-phenanthrol (a specific TRPM4 blocker) not only inhibited TRPM4 activity, but also inhibited its protein expression. Our results also showed that 9-phenanthrol significantly inhibited the upregulation of TRPM4 caused by H 2 O 2 (Fig. 2F) . Together, these results suggest that TRPM4 may play a potential role in early endothelial damage caused by oxidative stress and increased aldosterone levels.
Inhibition of TRPM4 attenuates H 2 O 2 -and aldosterone-induced decreases in cell viability and increases in cell death
To evaluate the contribution of TRPM4 to EC viability, HUVECs were pretreated with several concentrations of H 2 O 2 (0, 25, 50, 100, 200, 400 μM) or aldosterone (0, 12.5, 25, 50, 100, 200 nM) in the absence or presence of 9-phenanthrol, followed by cell viability assays. The results showed that cell viability was decreased by H 2 O 2 in a concentration-dependent manner (Fig. 3A, B) . Interestingly, in cells pretreated with 1 μM 9-phenanthrol, the 200 μM H 2 O 2 -induced reduction of cell viability was significantly rescued (Fig. 3A, B) . Moreover, treatment of cells with 50-200 nM aldosterone for 48 h also led to a dose-dependent decrease in cell viability; similarly, the decreased cell viability caused by 200 nM aldosterone was partly reversed by 1 μM 9-phenanthrol (Fig. 3C) . Treatment of cells with 25-400 μM H 2 O 2 culture for 24 h or 48 h increased LDH release into HUVECs, and 1 μM 9-phenanthrol significantly prevented the cell death caused by 200 μM H 2 O 2 (Fig. 3D, E) . Aldosterone at concentrations of 50-200 nM also promoted cell death, and 9-phenanthrol significantly inhibited the cell death caused by 200 nM aldosterone (Fig. 3F) . However, treatment with 9-phenanthrol at concentrations up to 2 μM had no effects on cell viability or cell death (data not shown). Then we used specific TRPM4 siRNA to knock down TRPM4 expression in HUVECs. The knockdown efficiency of TRPM4 expression is shown in Fig. 3G . The decreased 
TRPM4 is involved in H 2 O 2 -mediated apoptosis of HUVECs
To gain further insight into the involvement of TRPM4 in cell apoptosis, two-color flow cytometry was performed using Annexin V and PI. HUVECs were treated with 200 μM or 400 μM H 2 O 2 for 24 h, in the absence or presence of 1 μM 9-phenanthrol. As shown in Fig. 4A and 4B, the number of apoptotic HUVECs was significantly increased by 200 μM H 2 O 2 ; as the concentration increased to 400 μM the number of apoptotic HUVECs increased. Furthermore, H 2 O 2 -induced apoptosis was greatly attenuated by 9-phenanthrol (Fig. 4A, B) . Accordingly, TUNEL staining assays confirmed that 9-phenanthrol could significantly reduce the number of H 2 O 2 -induced apoptotic HUVECs (Fig. 4C, D) . These results suggest that inhibition of TRPM4 could prevent oxidative stress-induced apoptosis of ECs.
TRPM4 regulates cell migration and cytokine release in HUVECs
To further investigate the role of TRPM4 in the early-stage damage of vascular endothelial cells, cell migration and cytokines related to cell adhesion were evaluated. First, we used the transwell assay to determine whether H 2 O 2 leads to an increase in cell migration and whether 9-phenanthrol inhibits H 2 O 2 -induced cell migration. The data show that the numbers of migrated cells were significantly increased by 200 μM H 2 O 2 , which were greatly inhibited by 9-phenanthrol (Fig. 5A, B) . To further characterize the role of TRPM4 in cell adhesion, ELISA kits were used to examine ICAM-1, VCAM-1, and E-selectin secretion levels in HUVECs under different experimental conditions. After incubation of HUVECs with 200 μM H 2 O 2 for 24 h, a significant increase in the release of soluble ICAM-1 (Fig. 5C ), VCAM-1 (Fig. 5D) , and E-selectin (Fig. 5E ) into the media was observed. As expected, inhibition of TRPM4 by 9-phenanthrol significantly reduced H 2 O 2 -mediated adhesion molecule release. These results demonstrate that inhibition of TRPM4 significantly reduced oxidative stressmediated increase in the migration rate of HUVECs, as well as the release of adhesion molecules into these cells.
TRPM4 contributes to aldosterone-mediated oxidative stress in HUVECs
The fluorescent intensity of carboxy-H2DCFDA (a membrane-permeable ROS-sensitive probe) was used as an index of intracellular ROS levels. The ROS levels were significantly increased upon application of 200 μM H 2 O 2 for 24 h; these effects were abolished by DTT, tempol (a free radical scavenger), and apocynin (a specific NADPH oxidase inhibitor) [22] , and were significantly attenuated by 9-phenanthrol (Fig. 6A, B) . Accordingly, incubation of cells with 200 nM aldosterone for 48 h led to a significant increase in intracellular ROS levels, which was significantly attenuated by 9-phenanthrol. Interestingly, aldosterone-induced increases in intracellular ROS were dramatically inhibited by DTT, temple, apocynin, and eplerenone (a selective aldosterone blocker) (Fig. 6C, D) . These results suggest that TPRM4 contributes to aldosterone-mediated oxidative stress. , and E-selectin (E) were greatly attenuated by 9-phenanthrol (n = 4 independent experiments); *P < 0.05 vs. control,
Discussion
In this study, we presented evidence that a HSD leads to a significant increase in TRPM4 expression in the vascular endothelium of Dahl/SS rats and in cultured HUVECs. Our results demonstrated that exposure of ECs to aldosterone resulted in oxidative stress and eventually induced apoptosis and increases in cell migration and adhesion, possibly due to the increased expression of TRPM4. Therefore, TRPM4 may be a potential therapeutic target for the prevention and treatment of endothelium disorders.
The Dahl/SS rat is a genetic model of SS hypertension, and exhibits many phenotypic characteristics in common with human hypertensive patients. A HSD leads to hypertension in SS rats, resulting in oxidative stress [10] [11] [12] [13] [14] [15] and an increase in plasma aldosterone concentrations [16] compared to Dahl/SS rats fed a NSD. In recent years, it has been demonstrated that excessive accumulation of ROS induces oxidative stress, which in turn contributes to the initiation and development of diverse diseases [23, 24] such as atherosclerosis, hypertension, diabetic vascular complications, and heart failure [25] . Consistent with the results of previous studies, we found that 3 weeks after being on a HSD, the blood pressure and circulating aldosterone levels dramatically increased in these Dahl/SS rats compared to those fed a NSD (unpublished observations). We examined the expression levels of TRPM4 in the mesenteric artery endothelium of Dahl/SS rats fed either HSD or NSD as well as HUVECs treated with HS. Both a HSD in Dahl/SS rats and HS to treat HUVECs significantly increased the expression levels of TRPM4, suggesting that TRPM4 may be an important element in the pathophysiological processes of SS hypertension.
Oxidative stress and vascular dysfunction occur in Dahl/SS rats fed an HSD [13] [14] [15] . A study by Coombes et al. [26] showed the participation of oxidative stress in regulating the expression of TRPM7 in endothelial cells. ROS are intracellular chemically reactive chemical species containing oxygen and include superoxide (O 2 − ), H 2 O 2 [27] , and the hydroxyl radical (OH − ), among which H 2 O 2 is one of the common and stable forms. Thus, we used H 2 O 2 to treat HUVECs in order to mimic oxidative stress-induced endothelium damage. Exposure to H 2 O 2 led to significant cell death, which was partially reversed by the specific TRPM4 blocker, 9-phenanthrol. Furthermore, the secretion of several major adhesion molecules, including ICAM-1, VCAM-1, and E-selectin, was dramatically increased by the application of H 2 O 2 to HUVECs. However, the regulatory effects of H 2 O 2 on adhesion molecules were greatly attenuated by 9-phenanthrol. Several studies have shown that other adhesion molecules, such as VE-cadherin and PECAM-1 (CD31), can be modulated by TRPM4 [28] and TRPM7 [29] . Endothelial dysfunction is a complex and multistep process that includes endothelial cell migration [30] [31] [32] [33] . Our data clearly demonstrate that H 2 O 2 considerably promotes EC migration and that inhibition of TRPM4 with 9-phenanthrol significantly inhibits H 2 O 2 -induced migration of HUVECs. These results are consistent with those from the study by Sarmiento et al. [21] , which showed that EC migration is dependent on TRPM4 [21] . In addition, TRPM7 also modulates EC migration caused by oxidative stress [34, 35] . These in vitro results are consistent with the notion that TRPM4 is an important contributor to oxidative stress-induced endothelium dysfunction.
As an integral component of the renin-angiotensin-aldosterone system, aldosterone plays an essential role in the modulation of intracellular ion exchange activity to control electrolyte balance, fluid homeostasis, and blood pressure [36] . Aldosterone mainly acts on the principal cells of the renal collecting duct, although it also acts on extra renal targets including the cardiovascular system [37, 38] . In addition, mounting evidence has revealed that aldosterone causes endothelial dysfunction, but the underlying mechanism remains unclear [39] . Aldosterone is a permissive factor for the effects of minor increases in plasma sodium concentration on EC dysfunction [40] . In addition to reducing blood pressure in HSDinduced hypertensive Dahl/SS rats, eplerenone (a selective aldosterone blocker) reverses the effects on renal and vascular damage [41] . Oxidative stress and increased circulating aldosterone levels co-exist in Dahl/SS rats with salt-induced hypertension [10] [11] [12] [13] [14] [15] [16] , and studies have shown that aldosterone can induce oxidative stress [42] [43] [44] . For example, after intracerebraventricular infusion of aldosterone for 14 days, the rats had increased blood pressure and heart rate, enhanced oxidative stress, and endothelial dysfunction [44] . Our in vitro results showed that aldosterone increased the intracellular ROS levels in HUVECs. Most importantly, the enhanced oxidative stress caused by aldosterone or H 2 O 2 was mediated by TRPM4.
Taken together, the data in this study suggest that TRPM4 plays an important role in HSD-induced endothelium damage, which is associated, at least in part, with HS or aldosterone-mediated oxidative stress. Our results shed light on how TRPM4 contributes to early-stage endothelial damage in hypertensive models induced by a HSD.
